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Abstract—This work reports on the determination of lan-
gatate elastic and piezoelectric constants and their associated
temperature coefficients employing 2 independent methods,
the pulse echo overlap (PEO) and a combined resonance tech-
nique (CRT) to measure bulk acoustic wave (BAW) phase ve-
locities. Details on the measurement techniques are provided
and discussed, including the analysis of the couplant material
in the PEO technique used to couple signal to the sample,
which showed to be an order of magnitude more relevant than
the experimental errors involved in the data extraction. At
room temperature, elastic and piezoelectric constants were ex-
tracted by the PEO and the CRT methods and showed results
consistent to within a few percent for the elastic constants.
Both raw acquired data and optimized constants, based on
minimization routines applied to all the modes involved in the
measurements, are provided and discussed. Comparison be-
tween the elastic constants and their temperature behavior
with the literature reveals the recent efforts toward the con-
sistent growth and characterization of LGT, in spite of signifi-
cant variations (between 1 and 30%) among the constants ex-
tracted by different groups at room temperature. The density,
dielectric permittivity constants, and respective temperature
coefficients used in this work have also been independently
determined based on samples from the same crystal boule.
The temperature behavior of the BAW modes was extracted
using the CRT technique, which has the advantage of not rely-
ing on temperature dependent acoustic couplants. Finally, the
extracted temperature coefficients for the elastic and piezo-
electric constants between room temperature and 120°C are
reported and discussed in this work.

I. INTRODUCTION

LANGATATE (La3Ga5.5Ta0,5014, LGT), which has the
same the point group 32 crystal symmetry as quartz,
has been shown to possess piezoelectric coupling constants
3 to 4 times larger than quartz, high density (6147 kg/
m3), no crystalline phase change up to its melting point,
and experimentally determined temperature compensated
orientations [1]-[4]. For these reasons, it has been consid-
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ered an attractive acoustic wave (AW) material for fre-
quency control, communications, and sensor applications.
To accurately design AW devices, a reliable set of AW
constants at a reference temperature (T() along with the
behavior of these constants in a range of temperatures
around T is critical. The room temperature AW con-
stants and temperature coefficients found in the literature
show significant discrepancies among themselves regard-
ing the values of some of these constants (for instance,
25% discrepancy is found in the literature for the value of
Cy3 at room temperature) [2]-[7]. Moreover, the measured
temperature behaviors of bulk acoustic waves (BAW) and
surface acoustic waves (SAW) do not match the respective
mode predictions using the currently available AW LGT
constants and temperature coefficients [2], [8]. These ex-
isting discrepancies motivated the present work.

This paper reports on a full set of the LGT material
constants and temperature coefficients from 5 to 120°C re-
quired for the prediction of AW mode performance along
arbitrary orientations. To mitigate systematic errors as-
sociated with a single measurement technique, room tem-
perature BAW phase velocities were extracted by 2 in-
dependent methods at room temperature: 1) pulse echo
overlap (PEO) and 2) a combined resonance technique
(CRT), which uses both thickness and laterally excited
BAW resonant modes [9]-[12]. The phase velocities of 13
distinct BAW modes were measured at 7 temperature val-
ues between 5 and 120°C using the CRT technique.

These BAW measurements, together with the density
and the 2 dielectric permittivities (e11, €33) reported in
[13], [14], were used to determine the elastic and piezo-
electric constants at a reference temperature (7T, = 25°C).
Bulk acoustic wave measurements reported in this work
between 5 and 120°C with the thermal expansion coef-
ficients and dielectric temperature coefficients reported
in [13], [14] were employed to determine the elastic and
piezoelectric temperature coefficients. The measurement
of 13 modes for the determination of 8 independent con-
stants (6 elastic and 2 piezoelectric) enabled consistency
checks among the extracted values. An optimization rou-
tine was implemented to minimize the error in the full set
of 13 equations by allowing the preliminary set of con-
stants to vary.

Section II reviews the measurements techniques em-
ployed in this work. Section IIT describes how the AW
constants are extracted from full sets of measured BAW
velocities for both the PEO and CRT techniques. Section
IV discusses the experimental results including the un-
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certainty associated with the different methods. Finally,
Section V concludes the paper.

II. REVIEW OF MEASUREMENT TECHNIQUES
A. Sample Preparation

All samples used in this work were prepared for mea-
surement at University of Maine’s Microwave Acoustic
Materials Laboratory (MAML) and originated from a
commercial LGT boule (FOMOS, Moscow, Russia). An
X-ray-diffraction-based procedure for crystal alignment
described in [15] was employed initially with a Scintag X3
Advanced Diffraction System (Scintag/Thermo Electron
Corporation, Waltham, MA) and later with a PANalytical
X'Pert Pro Materials Research Diffractometer (PANalyti-
cal Inc., Natick, MA). This technique enabled alignment
of the samples to better than 6’. After alignment, samples
were cut with an inner diameter saw (Meyer-Berger, Stef-
fisberg, Switzerland), ground, and polished to an optical
finish.

Two types of samples were prepared: parallelepipeds
for the PEO experiments and wafers for the CRT and
dielectric experiments. The PEO parallelepipeds were of
2 kinds: 1) the first had faces normal to the X, Y, Z crys-
tallographic axes customarily used for quartz and other
point group 32 crystals and had dimensions of 15.0 mm,
20.7 mm, 21.6 mm (X, Y, Z); 2) the other had faces nor-
mal to Y £ 45° (third face normal to X) and dimensions of
21.7 mm, 21.8 mm, and 15.5 mm (Y+45°, Y—45°, X) and
was used for the measurement of the Y-rotated modes.
The dimensions of these parallelepipeds were calculated
to minimize spurious reflections that result from mode
conversion and the respective power flow angles of the dif-
ferent modes in the anisotropic crystal [16].

Five types of plates, with the larger faces normal to
the X, Y, Z, and Y + 45°, were prepared with thicknesses
between 400 and 700 pm for the CRT measurements. This
range of wafer thicknesses was selected as a compromise
between the appropriate excitation of the resonant BAW
modes of interest and acceptable relative uncertainty for
the thickness measurements. The dimensions of both
the plates and parallelepipeds were determined through
5-point measurements using a precision length gauge (He-
idenhain Corporation, Schaumburg, IL). Looking down at
the sample, one measurement point was taken in the cen-
ter of the sample and 4 measurements were made around
the perimeter of the sample. The linear dimension used in
the determination of BAW phase velocity was taken as the
average of these 5 points.

B. Pulse Echo Overlap (PEO)

The conventional pulse echo technique as described in
[9], [10] is used here with the addition of a couplant cor-
rection reported in [17]. The couplant correction, detailed
in the appendix, accounts for the phase shift introduced

Parallelepiped sample (3)
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Fig. 1. (a) Schematic of the PEO test fixture and (b) transducer, buffer
rod, and sample mounted in the test fixture. The input signal from the
generator is transmitted to the transducer via pogo pins.

to the AWs by the acoustic coupling agent at the buffer
rod/sample interface.

As depicted in Fig. 1(a), LiNbOj3 transducers with fun-
damental resonant modes around 6 MHz were used to
introduce AWs to a buffer rod that travel to the sample.
A 36° Y-rotated cut LiNbOj3 transducer was used to excite
the longitudinal modes and a 163° Y-rotated cut LiNbOj
was used to excite the shear modes. Each transducer had
a diameter of 12.0 mm and an active area 7.0 mm in diam-
eter. The transducers were attached to a fused silica buffer
rod that was 50 mm in length and 15.0 mm in diameter,
using a 99.99% pure indium foil (Indium Corporation,
Utica, NY) and were kept connected to the buffer rod for
multiple tests. With the exception of the degenerate shear
mode along the crystalline Z axis, there are 3 unique BAW
modes measurable along the 5 directions chosen for this
study; thus, 14 modes were measurable by PEO.

The transducer, buffer rod, and sample, shown mount-
ed in a test fixture in Fig. 1(b), were placed inside an oven
and maintained at 25°C (+£0.5°C). A RITEC RAM-5000
pulse generator (Ritec Inc., Warwick, RI) was used to ex-
cite the transducers. Waveforms of the initial pulse and
subsequent reflections were digitized and recorded using
a LeCroy Wavepro 7100 oscilloscope (LeCroy Corpora-
tion, Chestnut Ridge, NY). For the determination of the
time difference between 2 pulses, A#, a high-resolution
waveform (0.2 ns/data point) was recorded, loaded into
Matlab (MathWorks, Natick, MA), and plotted on top of
a copy of itself. A time offset, A#', was added to one of
the 2 waveforms until the 2 pulses of interest overlap each
other. Fig. 2 exemplifies the procedure described with a
typical measured waveform as captured from the oscil-
loscope, Fig. 2(a), and the superposition of 2 pulses after
the addition of the time delay, Fig. 2(b).

C. Combined Resonance Technique (CRT)

The CRT used nonmetallized wafers for both lat-
eral field excitation (LFE) and thickness field excitation
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Fig. 2. (a) Waveform including initial pulse from the generator and the
reflected signals A’ and B; (b) overlap of 2 pulses of interest: the solid
line is the reflection from the buffer rod, signal A’, and the dashed line is
the reflection from the back face of the parallelepiped sample, B.

(TFE) resonator measurements to minimize nonuniform
distribution of motion (NUDM) effects [11], [12], which
have been shown to lead to measurable discrepancies in
the extracted piezoelectric constants [11]. In addition,
the CRT lends itself nicely to measurements at different
temperatures because there is no metallization or acoustic
coupling agent whose properties change with temperature.
The frequencies of interest in these measurements, which
do not depend on NUDM effects, are the LFE resonant
(fr) and TFE antiresonant (fayg), which are related to
the BAW phase velocity, v,, by the wave relationship,
far/r X A = v,, where A = 2 x (wafer thickness)/n for
the nth harmonic.

The fabricated LFE test fixture consists of semicircu-
lar electrodes etched on a circuit board atop which the
sample sits, as shown in Fig. 3(a). The TFE test fixture,
shown in Fig. 3(b), consists of 2 modified General Ra-
dio 874 open circuit loads with custom machined parts.
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Fig. 3. Combined resonance technique measurement fixtures: a) lateral
field excitation and b) thickness field excitation.

The relative separation of the electrodes is changed by
screwing or unscrewing the connectors. The LFE resonant
and TFE antiresonant frequencies were measured using
an Agilent 4396B network analyzer configured with an
85046A S-parameter test set (Agilent Technologies, Inc.,
Palo Alto, CA).

Thirteen BAW modes were measured using 5 LGT
plates oriented along crystalline axes X, Y, Z, and +45°
Y-rotated cuts. One less mode than the PEO method was
measurable, because CRT does not allow for the electri-
cal excitation of the Z-longitudinal BAW mode. For each
mode, all identifiable harmonics were recorded. The nor-
malized frequencies (fag/r/n) for all measured harmonics
were compared, and an average of those that converged was
taken as the fyg/r for each particular mode, as described
in [11], [12]. These frequencies, along with the measured
thickness of the wafers, were used to determine the BAW
plane wave velocities through the wave relationship.

D. Dielectric Permittivity Measurements

The dielectric permittivity constants of LGT, £;; and
€33, were extracted from capacitance measurements us-
ing a conducting nickel spray for the electrode deposition
[14]. LGT wafers were fabricated with faces normal to
the X, Y, and Z axes. The data from the X and Y plates
were averaged together to determine £;;. Several different
capacitors were created with a ground electrode covering
one surface of an LGT wafer and a round electrode on
the other face. The capacitors were made with circular
electrodes of different radii to quantify the relationship
between circumference and fringing capacitance, as de-
scribed in [18]. The capacitances were measured with a
Precision LCR Meter (Agilent 4284A, Santa Clara, CA)
at a frequency of 10 kHz. The data from the different
capacitors were plotted and a best-fit line was obtained
using a total least squares algorithm [19], from which the
relative dielectric permittivity was extracted. Each of the
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TABLE I. METHOD OF ELASTIC AND PIEZOELECTRIC CONSTANT
EXTRACTION FOR A CLASS 32 CRYSTAL.

Constants
(in order of Method of extraction
extraction) (modes and other constants used)
Cyuy 7S
Ch6 XFS & XSS using Cyy
Ch YL & YFS using Cyy
e XL using C; & €13
YSS using CGG & €11
Cia XFS & XSS using Cyy & Cig
YL & YFS using Cll & 044
ZL
Cs3 Y—45L & Y—45FS using Cyy, Cyy, Ciy
Y+45L & Y+45SS using 11, Cyy, Ciy
013 Y—45L & Y—45FS using C]], 044, 014, 033
Y+45L & Y+45SS using Cyy, Cyy, Ciy, Css
el Y+45FS using Cly, Cyuy, Coe, €11, €335 €11

Y4588 using Cy, Cu, G, €11, €33, €11

Nomenclature used for modes: the first letter indicates direction of
propagation (X, Y, Z, Y+45°, Y—45°) and the second and third letters
indicate mode (L: longitudinal or quasi-longitudinal; FS: fast-shear or
quasi-fast-shear; SS: slow-shear or quasi-slow-shear). Along Z, only one
unique shear mode, ZS, exists.

capacitors was tested at 11 temperatures, ranging from
25° to 120°C, and the data were used to find the dielectric
constants at each of the temperatures. The Taylor series
temperature coefficients were fitted to the dielectric data.

III. EXTRACTION TECHNIQUE

A. Extraction of Room Temperature Constants

The phase velocity values of 14 BAW modes for PEO
and 13 BAW modes for CRT, along with values for the
LGT density, 6147.7 kg/m3 [13], and dielectric constants
[14], were used to determine an initial set of best-guess
values for the elastic and piezoelectric constants. Table
I outlines the process by which the phase velocities were
combined to calculate the elastic and piezoelectric con-
stants. The BAW phase velocities nomenclature used in
Table I is as follows: X, Y, Z, and Y + 45° denote the
direction of wave propagation; L, F'S, and SS describe the
mode of propagation (longitudinal or quasi-longitudinal,
fast-shear or quasi-fast shear, and slow-shear or quasi-
slow-shear, respectively). Because the Z-longitudinal mode
is not excitable using CRT, the extraction of Cs3 directly
from the ZL mode could only be accomplished by the
PEO technique.

As noted in Table I, many of the constants can be ex-
tracted and, in fact, were extracted through different com-
binations of modes, according to the procedure outlined
in [12]. The values of the constants extracted through
different combinations of velocities listed in Table I were
checked for consistency, and an optimization technique was
conducted to refine the extracted values of the elastic and
piezoelectric constants. This optimization technique relied
on the minimization of the norm between the measured

BAW phase velocities and the BAW phase velocities cal-
culated using the extracted constants. The constants were
allowed to vary within bounded limits using an iterative
search. The search procedure avoided accepting results
that included the constant values at the boundaries of the
search, because those often do not represent minima for
the optimization function. If the search selected constants
lying on a boundary, the bounds were slightly extended
until a full set of constants was found within the limits, as
given in the following section.

B. Eztraction of Temperature Coefficients

Phase velocities were measured at 7 temperatures be-
tween 5 and 120°C using the CRT technique. At each
measured temperature, a set of elastic and piezoelectric
constants was determined by the procedure described in
Sections II and ITI-A. Each constant was then plotted ver-
sus temperature and the temperature coefficients, TC1
and TC2, were extracted from a second order polynomial
fit to the measured data. The value of a material con-
stant, Xj; (either Cj; or e;), at a temperature, T, is then
expressed by the expansion:

X 4(T) = X 125) x (1 + TCL x (T — 25) + TC2 x (T — 25)?).
(1)

IV. EXPERIMENTAL RESULTS
A. PEO Couplant Correction

The fundamental uncertainties in the phase velocity are
attributable to the relative uncertainty in the measure-
ment of the sample dimensions and in the measurement of
the time of flight. The former, as indicated in Section II-A,
is ~10~% and the latter is at least an order of magnitude
smaller. More importantly, due to the mismatch of the
acoustic impedances of the couplant with the sample and
buffer rod as well as the finite thickness of the couplant,
the couplant correction accounted for a 10~3 variation in
the phase velocities, greater than the 10~4 uncertainties
in sample dimension measurements, indicating that the
couplant effect should be taken into account. Early ex-
periments with quartz samples were used to validate the
PEO technique employed. These measurements and the
resulting calculated constants were compared with well-
known quartz constants [20] and showed that the maxi-
mum discrepancy between calculated and measured values
dropped from 0.9% to 0.6% once the effect of the couplant
used to bond the sample to the buffer rod was included in
the analysis.

B. Room Temperature Measurements
Table IT presents the LGT BAW velocities measured by

PEO before and after considering the couplant correction
(phase velocity no couplant correction, PvNC, and phase
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TABLE II. BuLk AcousTic WAVE VELOCITIES IN LGT.

TABLE III. MEASURED VELOCITY COMPARISION.

Mode PvNC [m/s] PvC [m/s] Ag*10t A ¥10*
XL 5576.2 5576.2 0.0 1.53
XFS 3135.3 3138.3 9.7 1.53
XSS 2249.2 2251.5 10.2 1.53
YL 5561.3 5556.5 —8.6 0.73
YFS 2845.3 2847.0 6.0 0.73
YSS 2604.4 2608.7 6.5 0.73
ZL 6527.1 6527.1 0.0 1.25
7S 2882.2 2884.0 6.2 1.25
Y+45L 5775.6 5776 0.7 1.71
Y+45FS 3110.4 3109.7 —2.3 1.71
Y+45S8S 3081.5 3083.5 6.5 1.71
Y—45L 6099.0 6104.9 9.7 0.92
Y—45FS 3168.1 3169.5 4.4 0.92
Y —45SS 2289.1 2290.7 7.0 0.92

Ac= (PvC — PvNC)/PvNC, where PvC are the phase velocities
with couplant correction, and PvNC are the phase velocities with no
couplant correction.

A, is the relative uncertainty in the velocity measurements, as
discussed in the text.

velocity with couplant correction, PvC, respectively). Also
included in Table II are the corrections introduced by con-
sidering the couplant, Ay = (PvC — PvNC)/PvC, and
the relative fundamental uncertainty in the phase velocity,
ALg = \/[(—l/tQ) x At]? +[(1/t) x Al}?> x (t/1), which is
dominated by the uncertainty in sample dimensions. In
the expression for A, [is the path length traveled by the
AW, tis the time of flight, Al and At represent the funda-
mental experimental uncertainties in the respective quan-
tities. As can be seen from Table II, the effect of consider-
ing the couplant accounts for a phase velocity correction
around 3.5 times larger than the relative uncertainty in
the phase velocity measurements on the average for all
modes, and up to an order of magnitude larger for several
of the modes measured.

Regarding the CRT measurements, the odd numbered
resonant frequencies were measured, normalized, and com-
pared with determine fyr/r for each BAW mode. Depend-
ing on the orientation, the measurable harmonics obtained
with the plano-plano plates prepared varied between
n=1ton=>5 (for example, Y-45 FS mode) and n =1
to n =19 (for example, Y-45 L mode). The odd harmonics
between n = 1 and n = 11 were typically measured. The
fundamental and higher harmonic resonant frequencies
were normalized by dividing them by their respective har-
monic number. The normalized frequencies were averaged
for each mode to determine an fyr/R for calculation of the
BAW phase velocity. Prior to averaging, resonant peaks
that showed a significant discrepancy with respect to ran-
dom variations were discarded as outliers. The fundamen-
tal was found to be an outlier for 10 of the 13 modes,
which is consistent with other reported CRT data [11],
[12]. For this reason, the fundamental was consistently
not used in the fyr/r averaging calculation. Typically, the
normalized odd harmonics 3 through 11 were used to de-

termine fyg/gr-

Measured Velocities (25°C)

Propagation
Direction and Mode VCRT VPE() % lef*
X
L 5563.9 5576.2 0.22%
FS 3136.0 3138.5 0.08%
SS 2244.5 2251.5 0.31%
Y
L 5508.0 5556.5 0.88%
FS 2816.5 2847.0 1.08%
SS 2591.1 2608.7 0.68%
/
L NM 6527.1 —
S 2884.2 2884.0 —0.01%
Y+45
L 5809.2 5776.0 —0.57%
FS 3088.2 3109.7 0.69%
SS 3054.3 3083.5 0.95%
Y—45
L 6068.4 6104.9 0.60%
FS 3157.1 3169.5 0.39%
SS 2285.5 2290.7 0.23%

“% Difference = (VPEO - VCRT)/ Vpro X 100%.
NM = Not measurable.

The room temperature phase velocity measurements
based on the PEO (after couplant correction) and the
CRT are compared in Table ITI. The agreement between
the BAW phase velocities measured through the CRT and
couplant corrected PEO is 11 parts in a thousand in the
worst case and about 5 parts in a thousand when all modes
are averaged. The accuracy of the phase velocities deter-
mined with the CRT technique, as in the PEO case, was
limited by the plate thickness measurement uncertainties.
The relative uncertainty of the resonant plate thickness
measurements was better than 5 x 1073,

Table IV shows the values of the room temperature
coefficients determined by PEO and CRT before and af-
ter the optimization routine. For constants obtained from
Table I using a single method of extraction (i.e., C33 for
PEO, Cy, Ci1, Cg), the uncertainty was calculated by
propagating the experimental uncertainty in the phase ve-
locity measurements (dominated by the uncertainty in the
sample dimensions, as previously discussed) through the
algebraic equations relating the constant values and ve-
locities [12] and is relatively small. For constants obtained
from Table I through more than one method of extraction,
(i.e., C1a, Ci3, Cyy, and eyy), the value for the constant was
taken as the average of the constant values found from
the different methods and the uncertainty taken as the
standard deviation in these constant values. As a result,
the estimated uncertainty for these constants was higher.
It can also be observed from Table IV that the optimi-
zation routine results in values for the elastic constants
determined by PEO that differ from 0.1 to 4% when com-
pared with the constants before optimization. As shown
in the table, the variations introduced to the constants
determined through PEO by the optimization routine are
about 25 times higher on average than the calculated ex-
perimental uncertainties. This result indicates that there
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TABLE IV. RooM TEMPERATURE CONSTANTS BEFORE AND AFTER NUMERICAL OPTIMIZATION.

VpEO Verr

Before optim. After optim. % Change Before optim. After optim. % Change

Vero, Verr% Diff.”

" (GPa)
CPyy 188.47 + 0.04 189.41 0.5% 184.10 188.54 2.4% —0.5%
CFy 107.31 £ 0.1 109.06 1.6% 103.53 108.98 5.3% —0.1%
CFy 104.87 £ 0.8 100.63 4.0% 108.97 100.43 —7.8% -0.2%
CEy 13.61 £ 0.1 13.60 0.1% 13.71 13.13 —4.2% -3.5%
CFay 263.61 £+ 0.07 262.29 0.5% 267.30 264.63 —1.0% 0.9%
CEy 50.12 £ 0.01 51.12 1.0% 51.13 50.49 -1.2% -1.2%
CPs 40.57 &£ 0.03 40.17 1.0% 40.28 39.78 -1.3% -1.0%
€ij (C/m?)
e —0.556 £ 0.2 —0.518 6.8% —0.705 —0.482 -31.6% -7.2%
e1q 0.336 £ 0.278 0.051 84.8% —0.582 0.167 —128.8% 106%

*% Difference = (Verr — Vpro)/Average x 100%, where Average = (Vegy + Vpro)/2, with the values for Veopy and Vpgg taken after
optimization.

TABLE V. ELASTIC AND PIEZOELECTRIC CONSTANTS (25°C).

This Work 2] 3] [4] [5] [6]
CEyy 189.41 188.60 189.40 188.90 202.00 188.81
CE,, 109.06 107.90 108.40 108.60 120.00 107.84
CE4 100.63 103.40 132.00 104.40 125.00 100.15
CEyy 13.60 13.50 13.70 13.74 13.30 13.50
CEyy 262.29 261.90 262.90 264.50 288.00 261.05
CEyy 51.12 51.10 51.25 51.29 49.70 50.95
CEss 40.17 40.30 40.52 40.19 40.70 40.49
eij (C/m?)
el —0.518 —0.456 —0.54 0.508 —0.468 —0.478
€14 0.051 0.094 0.07 —0.028 0.0632 0.043
55/eo
ESM/EU 17.69 18.3 18.5 19.6 19.3 19.1
8533/60 70.73 78.9 60.9 76.5 80.3 77.2

are unidentified sources of error, which may include effects
of sample preparation, such as alignment, parallelism, and
plate shape, and possibly deviations from perfect crystal-
linity or imperfect homogeneity throughout the crystal.

Table IV also shows the values of the room temperature
coefficients determined by PEO and CRT after the opti-
mization routine described in Section III-A, independent-
ly applied to both techniques. The final set of constants
found through the optimization procedure decreased the
norm of the difference vector by 84% for the PEO data
and 71% for the CRT data. The optimized constants for
PEO and CRT in Table IV agree well, with the largest dif-
ference in elastic constants being 3.5% for C}3. The large
difference between the values for ey extracted by PEO
and CRT reflects the reduced influence that this constant
has in the BAW modes measured and thus the difficulty in
extracting it through the methods described. Because the
absolute norm of the difference vector was 4 times lower
for the PEO data than for the CRT data, the constants
extracted by the PEO measurements were adopted as the
room temperature constants.

Table V compares the optimized PEO constants at
room temperature with those published in the literature.
As can be seen from this table, Cj3 values in the litera-
ture fall into 2 different ranges: one around 102 GPa, the

other close to 127 GPa. Our determined value for Cis,
100.63 GPa, falls in the first group. The use of different
dielectric constants can influence the determination of the
elastic and piezoelectric constants from measured BAW
phase velocities. For instance, the variation of €33 by up to
13% in Table V can partially account for the discrepancy
in piezoelectric constants, but cannot directly account for
all of the variations in the elastic constants. It is not clear
at this point if the existing discrepancies for the acoustic
wave constants are due to potential variations in either
the chemical homogeneity or thermal history [21], [22] of
crystals originating from different suppliers or to different
measurement techniques and data processing by different
groups or, more likely, to a combination of both factors.
In this work, the use of multiple modes for the determi-
nation of each constant and the minimization of the norm
of the difference vector previously discussed proved to be
critical in obtaining a consistent set of material constants.
This procedure accounts for the fact that there are BAW
modes that are more sensitive to changes in a particular
constant value than others, as detailed in [23]. For in-
stance, a nearly 200% difference in e;; changes the YSS
mode by 15% but changes the Y+45FS mode by a mere
1%. These results reflect the importance of using multiple
modes for the determination of each constant and the ne-
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TABLE VI. EXTRACTED TEMPERATURE COEFFICIENTS (Trgr = 25°C).

This Work (2] [5]
TC1 (10-6°C-1)  TC2 (109 °C~2) TC1 (1076 °C-1) TC2 (1079 °C~2) TC1 (1076 °C-1) TC2 (1079 °C~2)

CEy —71.2 —96.1 —82.31 —444.98 —71.0 —391
CEyy —138.4 —50.6 —137 —614
CE3 83.8 —1045.1 —88.63 —415.72 —26.3 47.6
CcEyy —362.1 48.7 —444.28 —243.81 -390 378
CPyy —85.1 12.5 —101.50 —237.52 —74.1 3.77
CEyy -1.0 —55.9 21.64 —11.99 —-16.1 —133
CFs 15.1 —154.4 30.35 —450.94 25.6 —64.6
e —33.6 969.9 —22.8 —981.00 —42.6 1750
e —32.2 —32014.1 —1587.00 2293.00 —135 3530

cessity of minimizing the norm of the difference vector
previously defined for overall consistency in the process
of extracting the AW constants. The agreement between
the room temperature constants determined in this work
with a set of constants extracted by resonant ultrasound
spectroscopy [6], a method that simultaneously measures
nearly 100 resonance peaks in determining the constants,
further reinforces the need for calculating constants from
over-determined sets of data.

C. Temperature Coefficients

The PEO experiments performed in this work with
different acoustic couplants indicated that changing the
experimental temperature by more than a few tens of de-
grees Celsius resulted in variations in the properties of
the acoustic couplant with temperature that compromised
or obscured any variations in the crystal properties with
temperature. The CRT experiments, on the other hand,
did not have any coupling or material deposited on the
wafers being tested. As a result, the CRT was used for
extracting the temperature coefficients. Noting that the
temperature coeflicients represent changes normalized to a
value at a particular reference temperature, the extraction
of these coefficients from the CRT data was consistent
with the use of PEO values at room temperature.

The temperature coeflicients for the elastic and piezo-
electric constants extracted according to the procedure in
Section III are presented in Table VI. As can be observed
from this table, Cyy and Cgg exhibit the lowest sensitivity to
temperature changes compared with the other constants.
This is similar to the case with other crystals of this sym-
metry class, such as quartz and gallium orthophosphate.
The variation of Cyy to first order, for instance, represents
a decrease by about one part in a million per degree Cel-
sius, which is almost 2 orders of magnitude lower than the
C13 and (33 variations with temperature. Table VI also
compares the temperature coeflicients determined in this
work with those of [2] and [5]. The elastic constants Ciq,
Cyy, and Cgg and the piezoelectric constant ey have been
identified in this work to be less sensitive to temperature
changes than other authors have reported. Fig. 4 compares
the temperature behavior of selected material constants,
normalized to their respective room temperature values,
with those reported in [2], [5], and [7] up to 120°C. The

temperature behavior of ej; is seen in Fig. 4(a) to vary
with temperature in a manner similar to that reported
in [5], and almost completely opposite to that reported
in [2], [7]. Fig. 4(b) plots the temperature behavior for
C'1, showing that it is slightly less responsive to tempera-
ture changes than has been reported by other authors.
Although the overall agreement for Cj;(7T) is quite good
up to about 60°C, the variation rises to about 0.4% at
120°C as a result of a similar linear response and a signifi-
cantly reduced quadratic response reported in this work.
Fig. 4(c) compares the effect of temperature on C}3. There
is a marked difference between the behaviors reported in
this work and [5] with respected to the reported in [2] and
[7]. In particular, the first-order temperature coefficient
observed for this constant is significantly different than as
reported in [5], yet leads to a similar value of Cj3 at 120°C
due to its strong quadratic component of the temperature
behavior. Finally, Fig. 4(d) shows the relative insensitivity
of Cyy to temperature variations. The measured behavior
of Cyy in this work shows temperature changes opposite
to that reported in [2] and [7], and also less sensitive than
that in [5].

V. CONCLUSIONS

This work has reported on the determination of room
temperature elastic and piezoelectric constants for langa-
tate, along with temperature coefficients extracted from
measurements performed between 5 and 120°C. Two dif-
ferent techniques, the pulse echo overlap and a combined
thickness and lateral field excitation resonance technique,
were used in this work to investigate and mitigate a pos-
sible bias coming from the use of a single technique. The
couplant correction used in the pulse echo overlap mea-
surements is described in detail along with the method
used to extract the elastic and piezoelectric constants
from phase velocity measurements.

The BAW phase velocity measurements and the elastic
constants extracted with the PEO and CRT techniques
used in this work agree to better than a few percent. Room
temperature constants were finally selected from the PEO
technique because of the lower difference norm of these
measurements, while temperature behavior was extract-
ed from the CRT, which proved to perform better under
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Fig. 4. Constants normalized to their respective values at room temperature and plotted vs temperature for this work and other works reporting
temperature coefficients: (a) piezoelectric constant ey, (b) elastic constant Cyy, (c) elastic constant Cy3, and (d) elastic constant Cjy. Symbols used
in plots correspond to the following works: O = [5], O = [2], + = [7], and x = this work.

changing temperature conditions. The room temperature
constants obtained in this work were compared with re-
sults available in the literature, and maximum discrepan-
cies from a few percent to 31% have been identified for the
elastic constants. The first- and second-order temperature
coefficients obtained from the CRT measurements and re-
ported in this work were compared with data available in
the literature, together with plots for the combined influ-
ence of the linear and quadratic temperature coefficients
for selected constants. Although one can claim that to a
large extent the values obtained are consistent with the
literature, reflecting the maturity of LGT as an acoustic
wave material, the significant differences reported in this
paper indicate the importance of calculating individual
constants through multiple modes and techniques as well
as minimizing the norm of the difference vector to deter-
mine the most consistent set of AW constants.

APPENDIX

As indicated in Section IV, the couplant used to attach
the buffer rod to the sample influences the delay between
2 echoes in PEO measurements. The couplant causes a
variation in the time delay that is an order of magnitude
greater than the experimental uncertainty in these mea-

surements, and thus it must be considered. In this work,
the reflection and transmission coefficient phases due to
the couplant are calculated by solving for the acoustic
impedance in the sample, rather than assuming that this
quantity is known, as done in [24], [25], where the need for
a couplant correction was discussed.

The first instance where a correction is necessary is in
the measurement of the single transit time in the sample,
At, when the signal A’ in Fig. 1(a) is compared with the
signal B coming from the back of sample. In this case, the
couplant effect is considered through 2 phase shift quanti-
ties: ® py3, which is the added phase shift from A reflecting
off the buffer rod/couplant/sample interface; and @ s,
which is the phase due to the signal A or signal B being
transmitted through the sample/couplant/rod interface.
The actual transit time in the sample, At, is then deter-
mined from the measured delay, At'; by

1
At = At + — 2P w31 + P ri3), (2)
2rf

where fis the carrier frequency of the tone burst.
Another instance where a correction has to be applied is
in the sample delay measurement extracted from a double
transit signal in the sample and compared with the single
transit signal in the sample; Fig. 1(a), signals B and B'.
The delay in the sample is determined in this case by
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D psy
At = At . 3
+ o f (3)

The values of the acoustic impedances, r; = v, ; X p;,
for the buffer rod (1) and the couplant (ry) are r; = 1.265
x 107 kg/m?2s and m = 2.42 x 109 kg/m?s for the longitu-
dinal modes, and 7 = 8.305 x 10% kg/m2s and m = 4 x
106 kg/m?s for the shear modes. The | were obtained from
the fused silica buffer rod vendor’s specifications [26] while
the m values were estimated through preliminary experi-
ments with quartz samples whose r3 were well known [20].
Expressions for ® yz1, P pi3, and P g3y can be derived using
a scalar model as in [24], [25] and are found to be

1| —dss
Dy = Pyygy = tan | — (4)
d]S
dics — nid
® p3 = tan ! TS 7 daes 1625 i 2052 (5)
nldlc + nzdgs
d d
® py = tan ! 12 1682+ L 2652 (6)
—nldlc + n2d23

where the n; and d; are defined in terms of the acoustic
impedances, rj, by ny = ror3 _ riry, ny = ro? —ryrs, dp=
rorsy 4 1Ty, dy = T92 + rirs, and ¢ = cos[kyl],

1/2

a— (rérd +rird)

7"24 + 7"127'32 — 7’227”32 — 7’227’12

s = sin[kol] =

with @ = 2rrdra(l + |Rus| /(1 — | Rus|?).

Using (4) to (6), (2) and (3) can be rewritten solely in
terms of the 7; values (note that At = Al x p3/r3 where Al
is the length of the path traveled in the sample) and |Ry3].
|R13] is the modulus of the reflection coefficient for an AW
incident on the buffer rod/couplant/sample boundary and
can be measured directly by comparing waves reflecting
off the end of the buffer rod before and after a sample is
mounted. Eq. (2) or (3) is then solved numerically for ry
from which the phase velocity of the wave in the sample
is determined.
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